Introduction
Finding solutions to the energy problems facing the 21st century is presently among the most technically challenging issues. Solar energy and biomass, among other sources, have been pursued as renewable energy sources capable of replacing nuclear and thermal power generation, which supply over half the present demand for electric power. Two immediately apparent issues facing these technologies are the need for cost reduction and simplification. If a photocatalytic material is submerged in water and exposed to light, it can generate hydrogen; this method is inexpensive and such systems are being simplified. However, the hydrogen generation efficiency is low, which results in low energy conversion efficiency. Thus, it will be essential to increase the energy conversion efficiency of photocatalytic materials.
When hydrogen reacts with oxygen, electric current and heat energy are generated, and the only exhaust gas formed is water vapor; this constitutes clean energy production. Sunlight includes both visible light and ultraviolet light, but is nearly all visible light. Accordingly, interest centers on the development of photocatalytic materials that generate hydrogen efficiently under visible light, and these could both function as hydrogen cells and be painted onto buildings to create contamination-resistant surfaces.
It will be vital to reduce the band gap of TiO2 in order to generate hydrogen efficiently. Titanium dioxide (TiO2) was first reported to show photocatalytic behavior in 1972, and currently, much research continues to be carried out on what is called the "Honda-Fujishima effect" in photocatalysis (Fujishima et al., 1972) (Fujishima et al., 2013) (Miyauchi et al., 2016) . Widely used as a white pigment and as an ultraviolet light absorbent in paints, cosmetics and other products, titanium dioxide (TiO2) is an inexpensive and safe material. TiO2 has also become popular in solar energy-conversion applications such as for photoelectrodes and photocatalysts (Arakawa et al., 2003) . A characteristic of the TiO2 photocatalytic reaction is that it reaches its peak efficiency in the near-UV region at 350 nm. Nevertheless, sunlight contains only a small fraction of ultraviolet light; for efficient energy conversion, it is imperative to use visible light, which contains half of the energy present in sunlight. Much research is also being conducted on conferring catalysts with reactivity to visible light by plating them with TiO2, but those catalysts have remained nearly unable to produce hydrogen (Yoshimura et al., 2014) .
Bubbles with high temperatures and pressures are generated when the bubbles of a submerged water jet are Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) exposed to ultrasonic waves (multifunction cavitation, MFC) (Yoshimura et al., 2016a) . The objective of this study was to process photocatalytic materials using MFC in order to improve their water splitting properties and thereby increase their hydrogen generation efficiency. We described our research on the improvement of the photocatalytic properties of TiO2 using mechanical and electrochemical cavitation in 2016 (Tanaka et al., 2016) . MFC was primarily employed in that study. TiO2 powder was micro-hot-worked at the nanometer level using high-temperature, high-pressure microjets. This was found to provide better photocatalytic activity than the hot-working done using conventional water jet cavitation (WJC) or ultrasonic cavitation (UC).
In the present report, the above findings were further developed using a MFC machine to improve the surfaces of TiO2 powder granules; the relationship between surface charge and hydrogen generation characteristics was then examined. Some experimental data from previous findings will also be presented for clarity (Yoshimura et al., 2016a) , (Tanaka et al., 2016) , (Yoshimura et al., 2016b) . In addition to energy issues, improvements in recycling technologies have been cited as important problems in the 21st century. The MFC process developed by our group can be utilized for a variety materials through combined thermal and electrochemical action, in addition to mechanical action. Therefore, we also report examples of applications aimed at recovering indium from indium thin oxide (ITO) films as well as separation and dissolution of carbon fiber reinforced plastic (CFRP) fibers and resins.
Experimental procedure
The materials used were rutile-and anatase-type TiO2 powder with mean particle diameters of 0.2 -0.3 μm and 0.16 μm, respectively. The rutile had an absorption wavelength of 412 nm in the crystalline phase, which is in the visible region, while that for the anatase was 380 -390 nm, which is in the UV region. The band gap of rutile is 3.0 eV and that of anatase is 3.2 eV, which are above the minimum band gap required to achieve water splitting. The TiO2 was doped with Pt as a co-catalyst. Figure 1 shows a schematic illustration of the MFC process. When a high-pressure water jet with bubbles is exposed to ultrasonic waves, the bubbles cycle between isothermal expansion and adiabatic compression. This gives rise to high-temperature, high-pressure microjets, which hot-work the TiO2 surface. An ultrasonic pressure exceeding the breaking threshold of the bubbles must then be applied in order to expand the bubbles.
Once collapse of the fluid cavitation including hot spots (i.e., MFC) is initiated by the recurring isothermal expansion and adiabatic compression, the bubbles shrink in volume and generate microjets that abrade the solid surface as they approach it. In conventional WJC, the bubbles are at high pressure (about 1,000 MPa) and are large (several hundred μm), and in conventional UC, they are at high temperature (several thousand degrees C) and are smaller (several μm). In contrast, the microjets in MFC are large (several hundred μm), high-temperature (several thousand degrees C) and high-pressure (about 1,000 MPa). Due to the combination of high temperature and pressure, their effect could be called "micro-forging". As a cavity collapses on contact with the material surface, an extremely intense shock pressure of about 1,000 MPa is exerted on the surface. Not only does this pulverize the TiO2 powder, but indentations and protuberances (irregularities) are also formed in the powder surface, increasing its area and altering its electrical potential. Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) Powder specimens were agitated with distilled water upstream of the water jet ejector nozzles that introduced them into the tank. The ultrasonication conditions in MFC processing were as follows:
· WJ pump output: 35 MPa · Main nozzle diameter: 0.8 mm · Ultrasonic frequency: 28 kHz · Ultrasonic power output: 225 W · Processing time: 2 min
The powder specimens were recovered by evaporation after processing under the various types of cavitation. The surfaces of the recovered powder specimens were examined with a scanning electron microscope (SEM), and the powders were then analyzed with an energy dispersive spectrometer (EDX).
The amounts of oxygen and hydrogen obtained under the photocatalytic reactions were measured using a quadrupole mass spectrometer (QMS). Figure 2 is a schematic representation of the experimental apparatus.
After processing under multiple cavitation conditions, the powder specimens were placed on a quartz glass platform in a photocatalysis reaction chamber. The powder specimen masses used were consistently 0.2 g. They were illuminated with visible spectrum LED lights mimicking sunlight, the water present within the processed powders was dissociated by photocatalysis, and the evolved hydrogen and oxygen were measured with the QMS. The peak wavelength of the LED lamp employed was 480 nm and the emission wavelengths were 400 -800 nm. In order to simplify the measurements, the differences in the electric currents before and after illumination with visible light were treated as representing the evolved gases. Identical levels of vacuum were used during illumination. In order to ensure a consistent fraction of water in the powders, visible light illumination was switched on after depressurization, once the total pressure had reached 5×10 -4 Pa. To verify using the QMS that water splitting had occurred and that the H and O had been obtained in a 2:1 ratio, the pump exhaust volume, changes in pressure, volume of the vacuum chamber, and pattern coefficient were used to calculate the volume of released gas. Here, "pattern coefficient" means the rate at which, for example, H2O molecules evaporate from the powder without dissociating, become charged or ionized, and thereby alter the volumes of H and O obtained. The results confirmed that H and O in a 2:1 ratio had been evolved, which confirmed that this photocatalyst was effective for dissociating water.
A Kelvin force microscope (KFM) was used to measure surface potential. A KFM observes specimen morphology and potential by variations in the work function and the contact potential. The work function is the energy required in order to extract a single electron from the surface of the substance, or, in other words, how easy it is to extract hydrogen. This is diagrammed in Figure 3 (Takahashi, 2014) .
Experimental results
Figure 4 presents SEM micrographs of powder specimens before and after cavitation processing. As seen in Fig.  4(a) , the TiO2 particles were initially 100 -300 nm in size, but the surface of the unprocessed powder was relatively smooth. After processing, however, the surfaces of the WJ-processed TiO2 particles contained nanoscale irregularities Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) (Fig. 4(b) ). In WJ processing, nanoscale irregularities were seen to have been hot-worked by the cavitation bubble collapse pressure into the surfaces of the TiO2 particles taken up by the ejector nozzle. For comparison, Fig. 4(c) shows MFC-processed TiO2, which was finely pulverized at the nanoscale. This pulverization was probably due to the high-pressure MFC microjets, which also contain high-temperature reaction fields.
Experiments were carried out to compare the effectiveness of MFC, WJC processing, UC processing, UC processing after WJC processing, and WJC processing after UC processing, and the results are shown in Figures 5 and 6. The significant increase in the amount of hydrogen generation after MFC processing compared to the other types of processing indicates that a high-temperature and high-pressure microjet is generated. This suggests an increase in the number of water splitting reaction sites due to the increase in surface area, which is also apparent from Figs. 4(b) and 4(c). In addition, there is a high possibility that the band gap of water splitting by MFC treatment was reduced. Compared with other treatment methods, MFC led to a dramatic increase in the amount of hydrogen generation, and it became clear that a microjet with hot spots is effective for improving the water splitting efficiency. Also, from the result of oxygen generation shown in Fig. 6 , it was confirmed that the amount of oxygen generated dramatically increased following MFC treatment as well.
Figures 7 and 8 present the results for surface potential. Figure 7 shows the results for rutile, and Fig. 8 , for anatase. The images on the left (right) show the results before (after) MFC processing. Figures 7 and 8 indicate that MFC processing decreases the surface potential of both rutile and anatase. Also, as Table 1 shows, the mean surface potential of a single particle of rutile was 0.554 V before MFC processing and fell to 0.272 V after processing. For a single particle of anatase, the mean surface potential before MFC processing was 9.928 V, and fell to 0.166 V after processing. Thus, anatase showed a far higher reduction in mean surface potential than Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) rutile. This advantage of anatase is consistent with its superior performance in water splitting and with the already-known lower band gap of rutile under visible light. Table 2 and Fig. 9 below show how the measured volume of evolved H as measured with a QMS compares with the surface potential results.
In rutile specimens, the surface potential fell after processing, while the volume of evolved H increased. This is consistent with the promotion of H generation by the low band gap. There was also a correlation between the difference in the evolved H volume and the surface potential for both the rutile and anatase specimens. Table 2 Relationship between surface potential and H+H2 pressure. Table 2 Relationship between surface potential and H+H2 pressure. Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 
Application of MFC processing to recycling technology
Other uses of MFC were investigated in anticipation that this phenomenon can play a role in a wide variety of other applications. An experiment in melting, delamination and recovery of rare metals from under an indium tin oxide (ITO) film cover was conducted. The ITO film was removed by the combined mechanical action of the water jets (high pressure) and electrochemical action of the ultrasonic irradiation (high-temperature reaction field). Figure 10 presents a SEM micrograph and the results of EDX analysis. The micrograph shows a portion of the peeled ITO film in Fig. 10 . The point marked with a + was analyzed by EDX; In was detected, confirming delamination of In.
In addition, separation and dissolution experiments involving CFRP fibers and resins were carried out to investigate the applicability of the present method to CFRP recycling. A thermosetting resin was used as the specimen. Multifunction mechano-chemical cavitation (MMCC) processing, in which chemical action is introduced to the MFC process, was performed. A schematic diagram of the experimental setup is shown in Fig. 11 , and experimental results obtained for a processing time of 10 min are shown in Fig. 12 . The amount of peeling was in the order of MMCC > MFC > WJC > UC from the side with larger peeling. Peening marks were formed on the specimen surface for the MMCC, MFC and WJC workpieces due to cavitation collapse. In addition, peeling of the fiber and resin advanced along the direction of the fiber. The CFRP is thought to slightly deform elastically due to the pressure caused by the water jet, resulting in the progression of cracks along the fiber direction. The scanning electron microscope image of the peeled material at MMCC shown in Fig. 12 (e-2) reveals adhesion of the resin in the carbon fiber, but the surface was not damaged and the resin was affected by the MMCC processing. It appears to be melted. Peeling/dissolution of the CFRP fiber and resin can be considered to be able to improve peeling/dissolution amount by investigating processing conditions of cavitation. In this experiment, the effectiveness of MMCC processing on CFRP peeling/dissolution is clarified, and further experiments are conducted as a new recycling technology. Tanaka, Ijiri, Nakagawa and Yoshimura, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) These results suggest that MFC processing can be applied in a wide range of fields.
Conclusions
MFC, a method combining mechanical and electrochemical phenomena, was applied to rutile-and anatase-type TiO2 doped with Pt as a co-catalyst. The following results were obtained: (1) Doping with Pt and MFC processing lowered the surface potential.
(2) The band gap was reduced concomitantly with the reduction in surface potential, and this improved the H generation efficiency in water splitting. (3) Application of multifunction cavitation to glass with an ITO film resulted in melting and delamination of the chief component In, allowing recovery. (4) In experiments related to the dissolution and peeling of CFRP fiber and resin, MMCC processing provides the largest degree of peeling, in addition to the mechanical action by water jet and thermal and electrochemical action by ultrasonic wave, chemical action of chemicals The synergistic effect was confirmed, and its effectiveness was clarified.
